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A method to measure the resistance of fragile single crystals under high uniaxial stress is reported. 
To compensate for its natural brittleness, the crystal is embedded in epoxy, whose shape is optimized 
to sustain the stress. This method was used to study the magnetoresistance of 
(BEDT-ITF)&Hg(SCN), at low temperatures and high magnetic fields and the superconducting 
transition temperature of (BEDT-TTF),Cu(NCS), under uniaxial stress perpendicular to the planes 
of BEDT-TTF molecules. The results obtained indicate a high degree of homogeneity of the stress 
in the crystal and comparison with previous hydrostatic pressure measurements reveal the true 
uniaxial nature of the stress applied. 0 1995 American Institute of Physics. 
I. INTRODUCTION 
The application of pressure to a single crystal of a con- 
ductive material tunes its crystal structure, which in turn 
modifies its band structure and Fermi surface. These changes 
provide an important check on the validity of the band struc- 
ture calculations and, more importantly, often lead to new 
low-temperature phase transitions. In particular, members of 
the (BEDT-TTF),X (where X is one of a number of anion 
structures) family of quasi-two-dimensional organic conduc- 
tors ’ have proven to be very sensitive to pressure. Hydro- 
static pressure studies on the (BEDT-TTF)zMHg(SCN), 
(M=NH~,K,Tl, or Rb) have shown that the Fermi surface of 
these materials changes by as much as l%/kbar (for regular 
metals this change is of the order of.O.l%/kbar), and their 
density wave or superconducting ground state is suppressed 
with a few kbar of applied pressure.’ These enhanced pres- 
sure effects are due to the high compressibility of molecular 
crystals and the anisotropy of their structure. The crystal 
structure of the (BEDT-TTF)2MHg(SCN)4 group consists of 
two-dimensional layers of conductive BEDT-‘ITF molecules 
alternating with MHg(SCN)4 insulating sheets.3 Electronic 
transport takes place on the planes of molecules and changes 
in either the spacing between planes or in the relative posi- 
tions of the molecules within a plane result in the observed 
pressure dependent phenomena. The effect of hydrostatic 
pressure is a compression of both interplane and intraplane 
unit cell parameters, whereas uniaxial stress decreases the 
distance between planes while increasing the in-plane lattice 
parameters. Combining the studies of the effects of both 
types of pressure allows the separation of the contributions 
of inter- and intraplane interactions to the transport proper- 
ties. 
Whenever sturdy and flat faced single crystals are avail- 
able, uniaxial stress studies can be easily performed by ap- 
plying stress directly on the bare crystal, as was recently 
done on high-T, superconductors.” In the case of organic 
conductors, the delicate nature of the single crystals available 
hindered all previous attempts to study their uniaxial stress 
properties. Tokumoto et aL5 applied uniaxial stress’ directly 
on a bare crystal of (BEDT-TTF),CU(NCS),, a supercon- 
ducting material with T,= 11 K, with an upper limit of 
~0.01 kbar. Kusuhara et aL6 applied tensile stress to a crys- 
tal of the same material by fixing two ends of the crystal to a 
substrate with smaller thermal contraction than 
(BEDT-TTF),Cu(NCS)a and cooling the assembly. This 
method gave consistent results for several samples (T, ia- 
creased with tensile stress along the b axis for both copper 
and quartz glass substrates) but is restricted by several fac- 
tors: the amount of strain applied to the crystal is tempera- 
ture dependent, is not easily estimated, and cannot be 
changed in situ. In this report we will describe a sample 
preparation method that allows the application of uniaxial 
stress (up to 55 kbar) to single crystals of organic conduc- 
tors and the uniaxial stress apparatus used to apply continu- 
ous known values of stress at the low temperatures (down to 
0.5 K) and high magnetic fields (up to 30 T) required to 
observe changes in the transport properties of these materi- 
als. The basic idea is to compensate for the brittle and irregu- 
lar nature of the crystals by incasement in a medium whose 
shape can be optimized and whose physical properties 
closely match those of organic salts. 
II. SAMPLE PREPARATION 
Single crystals of organic conductors are obtained by 
slow deposition of the chemical composites on a platinum 
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FIG. 1. Schematic diagram of the epoxy-crystal assembly (overall dimen- 
sions are noted in the figure but constituent parts are not drawn to scale). 
Details of the assembly procedure are described in the text. 
electrode of an electrochemical celk7 The resultant crystals 
have cubic or thin platelet shapes with dimensions on the 
order of tenths of a millimeter. The largest and flattest faces 
usually correspond to the orientation of the conducting 
planes of BEDT-TTF molecules. Since these crystals lack the 
necessary strength to support any but the slightest stress or 
shear, the solution to the problem of subjecting them to 
uniaxial stress resides in finding a suitable material that can 
support the crystal and transmit the stress to it along one 
single direction. The whole crystal is embedded in a cylinder 
of epoxy which is subsequently cured to solid hardness and 
then cooled and subjected to uniaxial stress. A similar 
method has been used to study the effect of uniaxial stress 
on the ac susceptibility of grain aligned high-T, 
superconductors’ but, to our knowledge, this is the first ap- 
plication of such method to the measurement of resistance in 
single crystals of organic conductors. 
In order to improve the uniformity of the stress applied, 
we select small (-0.5X0.5 mm2 faces) and thin (GO.3 mm) 
single crystals from the available batches. Two pairs of thin 
gold wires are attached to the opposite flat faces of the crys- 
tal with gold paint for the standard four terminal resistance 
measurements across the conducting BEDT-TTF layers. 
Separately, one 4X4 mm2 and one 6X6 mm2 square sheets of 
kapton are glued with N grease to the center of two.glass 
microscope slides. A drop of epoxy’ slightly larger than the 
crystal is placed on the biggest kapton square and the crystal 
positioned on it with its flat faces parallel to the glass slide. A 
few more drops of epoxy are added until the crystal is fully 
covered. Two separators (0.5 mm thick flat copper plates) are 
placed on both sides of the assembly and the other glass slide 
is brought down until the epoxy forms a catenoidlike shape 
between the two kapton squares, A small weight is added on 
the top slide to lock the assembly together. 
After the epoxy cures,” the weight and the top glass 
slide are removed and 40 gauge copper wiresr’ are connected 
to each gold lead with silver paint and anchored to the bot- 
tom kapton square with 5-min epoxy. The final assembly is a 
solid cylindrical epoxy-sample tube that can sustain high 
uniaxial stress in the direction perpendicular to the crystal’s 
conducting planes and has the four leads required for resis- 
tance measurements (see Fig. 1). 
III. APPARATUS DESIGN AND OPERATION 
The most important factor that constrains the design of a 
low-temperature uniaxial stress probe is the ability to trans- 
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FIG. 2. Schematic diagram of the Uniaxial Stress Apparatus (constituent 
parts are not drawn to scale). The inset’s diameter is small enough to fit 
through a vacuum seal into a standard 5/8 in. 3He tiidge and in a 1 in. bore 
magnet. 
mit a known stress down to the sample that can be changed 
continuously while minimizing losses to friction in the 
vacuum seals. We have chosen to implement a simple gas 
piston design where room-temperature gas pressure on the 
top of the piston is transmitted to the sample by a stainless- 
steel rod (Fig. 2). The rod is hollow to minimize heat losses 
from the sample chamber and, to prevent bending or buck- 
ling, is guided down the cylinder by evenly spaced lubricated 
Teflon washers. Friction at the vacuum seal is reduced by 
placing two rubber o-rings at each outer end of a hollow 
lubricated cylinder that fits snugly around the rod. The rod is 
screwed to a commercial pneumatic piston, and the pressure 
in the piston controlled by a pressure regulator valve con- 
nected to a high pressure helium gas tank. The diameter of 
the piston is 63 mm, and the epoxy-crystal cylinder diameter 
is usually around 2 mm, which gives a pressure amplification 
factor of -1000. Standard pneumatic pressure of 6 bar re- 
sults in 6 kbar applied to the sample. Higher pressure can be 
reached either by increasing the piston gas pressure (the 
pneumatic piston is rated for pressures up to 10 bar) or by 
reducing the size of the epoxy-crystal cylinder:The tempera- 
ture is measured by a calibrated RuO, 3 k0 resistor glued to 
the end of the stainless-steel rod for good thermal contact 
with the sample and a 100 R heater resistor is also attached 
to the piston for temperature control capability. 
IV. EXPERIMENTAL RESULTS 
Our main interest is to study the Fermi surfaces of or- 
ganic conductors and how they change with uniaxial stress 
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FIG. 3. Magnetoresistance of (BEDT-TTF),KHg(SCN)4 at T=0.55 K mea- 
sured with ac lock-in detection. Uniaxial stress is perpendicular to the 
BEDT-lTF conduction planes (along the crystal b axis). 
by measuring magnetoresistance (MR) at low temperatures 
and high magnetic fields. We have selected two examples 
from our research program which demonstrate both the true 
uniaxial nature of the applied stress and the high degree of 
stress uniformity within the sample. 
We chose to concentrate first on the uniaxial stress de- 
pendence of the magnetotransport properties of 
(BEDT-TTF)zKHg(SCN), since a similar hydrostatic pres- 
sure study had been conducted previously by our group.’ 
Figure 3 shows typical MR data obtained at a temperature of 
0.55 K in a resistive magnet for five different values of 
uniaxial stress along the crystal b axis. Shubnikov-de Haas 
(SdH) oscillations superposed on a smooth MR background 
are clearly visible for all stresses (Figs. 3 and 4). Fourier 
analysis of the zero stress SdH signal reveals a single funda- 
mental frequency peak at F==(hc/2we)A=672k6 T 
(where A is the extermal area of the cross section of the 
Fermi surface), in agreement with the atmospheric pressure 
value of 670 T. This frequency is attributed to the hole closed 
orbit part of the Fermi surface and corresponds to approxi- 
mately 16% of the area of the Brillouin zone.J Upon appli- 
cation of uniaxial stress the frequency decreases linearly by 
17.2 T/kbar, whereas hydrostatic pressure measurements 
found the frequency to increase with pressure [Fig. 4(a)]. 
The difference in the pressure dependence of the fundamen- 
tal frequency is consistent with the type of pressure applied, 
since the frequency is proportional to the extermal area of the 
Fermi surface and therefore, to a first order approximation, 
proportional to the size of the Brillouin zone. Hydrostatic 
pressure compresses the crystal unit cell, thereby increasing 
the size of the Brillouin zone, whereas uniaxial stress applied 
along a direction perpendicular to the conducting planes ex- 
pands the unit cell parameters along the plane (Poisson’s 
effect), thereby decreasirzg the size of the Brillouin zone. . 
The homogeneity of the uniaxial stress applied to the 
crystal can be estimated from the relative amplitudes AR/R 
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FIG. 4. (a) Variation of SdH frequency with hydrostatic pressure (top scale, 
from Ref. 2) and uniaxial stress (bottom scale) for 
(BEDT-TTF)$Hg(SCN),. The slopes of the fitted lines are +12.1 and 
-17.2 T/kbar, respectively. (b) Oscillatory part of the magnetoresistance 
(SdH signal).at 0.55 K for different uniaxial stresses (each curve is plotted 
on an independent resistance scaIe). 
of the SdH oscillations for different stresses. Inhomogeneous 
stress applied to a crystal results in a spread of the extremal 
areas of the Fermi surface and, consequently, a spread in the 
SdH frequency. If the frequency spread follows a Lorentzian 
distribution there will be an amplitude reduction factor for 
the fundamental harmonic R yexp[ - 2~~(dF)alH], where 
2(AF)a is the full width at half-maximum of the Lorentzian 
curve.12 Assuming that at zero stress (AF)a =0 and that re- 
ductions in the amplitudes of the oscillations are due solely 
to inhomogeneity in the stress, we estimate that 2(AF),lF is 
never worse than 2.5%. 
Last, we note that both the zero-field resistance and the 
MR maximum, which for (BEDT-TTF),KHg(SCN), occurs 
around 14 T, decrease with uniaxial stress, albeit at different 
rates. The decrease in zero-field resistance, which is due to 
an increase in the BEDT-TTF interplane wave-function over- 
lap, is slower than the peak MR change, which is due to the 
suppression of the density wave ground state present in this 
material below 8 K. Under hydrostatic pressures comparable 
effects are observed.2 
The same technique was used to study the superconduct- 
ing transition of (BEDT-TTFj2Cu(NCS),, the organic con- 
ductor studied in previous uniaxial stress reports. Stress was 
applied along the crystal a axis (p,), i.e., perpendicular to 
the BEDT-TI’F conducting layers. Our results are shown in 
Fig. 5. The normal state resistivity again drops with uniaxial 
stress and T, decreases monotonically by about ’ 
dTJdp,= -2 K&bar from a zero stress value of 11 K. This 
value of T, at zero stress is identical to that measured on 
bare crystals from the same batch, but the width of the su- 
perconducting transition increased from 2 K on the bare 
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FIG. 5. Resistance of (BEDT-‘ITF),CU(NC& versus temperature as a fun& 
tion of uniaxial stress along the a axis. inset: superconducting transition 
temperature variation with stress. Slopes of the lines fitted to the onset and 
full-transition temperatures are -2.1 and -2.0 K/kbar, respectively. 
crystals to 4 K for the one cooled in epoxy (see Fig. 5 inset). 
Although this indicates that stress inhomogeneity can be in- 
duced in these very thin samples during the initial epoxy 
cure and/or during cooldown, we note that the superconduct- 
ing transition width, T, onset-T, full transition, remains 
constant for all stresses, which shows that the stress subse- 
quently applied to the crystal is homogeneous. Tokumoto 
et aL5 also observed a decrease in T, with stress applied to a 
bare crystal along the a axis and the a axis stress derivative 
of T, derived from the thermal expansion coefficient was 
also found to be negative,’ although at a higher rate of 
dT,ldp,--4.8 K/bar.r3 Kusuhara et al. found T, to in- 
crease with stress, but their data cannot be compared directly 
to ours, since their method applies a tensile stress to the 
crystals along the b axis.6 
V. DISCUSSION 
We have described a method to measure the resistance of 
single crystals of organic conductors under direct uniaxial 
stress. Its application to the study of transport in organic 
conductors yielded results consistent with previous hydro- 
static pressure studies, with the advantage that the changes 
induced by hydrostatic pressure can be obtained with much 
lower uniaxial stress. Although the stress was always applied 
to the crystal’s fiat faces, small modifications in the sample 
preparation and in the design of the apparatus should allow 
the application of stress along the two other crystal directions 
while keeping the magnetic field perpendicular to the con- 
ducting planes. The technique would be extendable to other 
measurements, such as magnetization or specific heat, and 
other types of fragile single crystals, such as the Bechgaard 
salts. 
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